The anatomical and functional organization of the lateral prefrontal cortex (LPFC) is one of the most debated issues in cognitive and integrative neurosciences. The aim of this study is to determine whether the human LPFC is organized according to the domain of information, to the level of the processing or to both of these dimensions. In order to clarify this issue, we have designed an experimental protocol that combines a functional magnetic resonance imaging study in healthy subjects (n 5 12) and a voxel-by-voxel lesion mapping study in patients with focal prefrontal lesions (n 5 37) compared with normal controls (n 5 48). Each method used the same original cognitive paradigm (''the domain n-back tasks'') that tests by a cross-dimensional method the domain of information (verbal, spatial, faces) and the level of processing (from 1-to 3-back). Converging data from the 2 methods demonstrate that the left posterior LPFC is critical for the higher levels of cognitive control and is organized into functionally different subregions (Brodman's area 9/46, 6/8/9, and 44/45). These findings argue in favor of a hybrid model of organization of the left posterior LPFC in which domain-oriented (nonspatial and spatially oriented) and cross-domain executive-dependent regions coexist, reconciling previously divergent data.
Introduction
In retrorolandic regions, integration of perceptual information is partially segregated into a dorsal stream, oriented toward spatial cognition, and a ventral stream, involved in cognition based on object features (Ungerleider and Haxby 1994 ). An essential issue in understanding the general architecture of the cerebral cortex is to determine whether this functional orientation is maintained in more anterior cortical areas (i.e., the lateral prefrontal cortex [LPFC] ), involved in the elaboration of nonautomatic goal-directed actions and cognitive control. Yet, there is a debate on the anatomical and functional organization of the LPFC. One model stipulates an anatomical and functional segregation based on the domain of the information being processed (GoldmanRakic 1987; Awh et al. 1995; Courtney et al. 1996 Courtney et al. , 1998 Smith and Jonides 1999; Levy and Goldman-Rakic 2000) . Alternatively, several other models postulate a segregation based on the nature of processing or underline the functional importance of supra-or cross-modal integration in the LPFC (Owen et al. 1996; Duncan and Owen 2000; Miller and Cohen 2001; Koechlin et al. 2003; Petrides 2005 ). More recently, some studies or review articles suggest that these schemes of prefrontal organization are not mutually exclusive, and that both domain-specific and domain-general regions may coexist within the LPFC (Curtis and D'Esposito 2003; Passingham 2003, 2006; Mohr et al. 2006; Sala and Courtney 2007) . It is worth of note that the debated models mostly rely on data obtained in the monkey and functional imaging studies in humans. However, 1) the precise localization of functions cannot be directly transposed from monkeys to humans because of significant interspecies macroscopic anatomical differences (Fuster 1997; Petrides and Pandya 1999) , and 2) in humans, functional imaging cannot formally demonstrate whether one given region of a functional network is critical (i.e., the cognitive process cannot be implemented without this region) or accessory (i.e., the cognitive process can be partially or fully functional without it).
Lesions studies in humans are useful to complement the above methodological approaches. Indeed, they rely on a principle which holds that a sustained functional deficit occurring after a focal brain lesion implies that the damaged area is critical for the tested function (Rorden and Karnath 2004) . New techniques of lesion studies, such as voxel-by-voxel lesion mapping allow precise clinical--radiological correlations by testing all damaged voxels and do not require a pathological control group in order to establish anatomical--functional dissociations. The use of such methods has produced consistent results for assessment of the contribution of given brain regions to cognitive processes (Rorden and Karnath 2004) .
Here, we address the issue of the functional and anatomical organization of the LPFC using a combined approach that includes: 1) a voxel-by-voxel lesion mapping study applied to patients with focal prefrontal lesion; 2) an functional magnetic resonance imaging (fMRI) study in healthy subjects; and 3) the use of the same cognitive paradigm (''the domain n-back'' paradigm; Fig. 1 ) in the fMRI and lesion studies, that allows to test 2 factors of interest: the domain of information and the level of processing.
With the convergence of these methodological approaches, we can expect to answer the following question: Is the LPFC anatomically and functionally organized according to the domain of information, to the level of the processing or to both of these dimensions as recently brought up?
Material and Methods
These studies were approved by an institutional ethics committee for biomedical research (CCPPRB of the Pitie´Salpeˆtrie`re Hospital) and all subjects provided informed consent.
The Experimental Cognitive Paradigm: the Domain n-Back Tasks
The Domain n-Back Tasks Adapted for the Lesion Study Tasks were based on the n-back procedure Cohen et al. 1997; Owen et al. 2005) , in which the subject has to indicate whether a visual stimulus presented on the screen (the ''target'' stimulus) is similar to or different from a previously presented stimulus (the ''cue'' stimulus) (Fig. 1a) . This procedure requires the relevant information to be maintained and updated in working memory (WM). Two dimensions were explored: 1) the level of processing (''complexity'') within WM, with 3 different levels: 1-back (maintenance of 1 item of information in WM in the interval between the cue and target stimuli), 2-and 3-back (interposition of 1 or 2 ''distractors,'' respectively, between the cue and target stimuli, each ''distractor'' becoming the cue for the next trial); 2) the nature of the stimuli being processed (''domain''), with 3 different materials: different locations of squares on a matrix of several squares (the ''spatial n-back'' task), different preselected men's faces (the ''face nback'' task) and different preselected letters (the ''letter n-back'' task). Therefore, the domain n-back procedure followed a factorial design, crossing the 2 dimensions (complexity and domain processing), yielding a total of 9 task conditions. All tasks were computerized and participants were seated in front of a computer screen. The examiner stood behind the subject throughout the testing procedure. Each n-back task started with the first cue stimulus (a square, a man's face or a letter) being presented on the screen for 3 sec. The subject had 3 s to answer aloud ''same'' or ''different.'' After a 1-s interstimulus interval, a new stimulus appeared on the screen. In the spatial n-back task, the visual stimulus was a blue square presented randomly in 1 of 6 possible locations on a dark screen. In the face n-back task, the stimulus was a man's face among 8 possible faces, and was presented centrally in the visual field. These faces were selected from Warrington's Recognition Memory Test for Faces. In the letter n-back task the stimulus was a capital letter among 7 possible letters selected for their frequency of occurrence, and was presented centrally in the visual field. Each task consisted of 3 blocks of 15 recorded responses to cue/target stimuli (16, 17, and 18 stimuli were presented in the 1-, 2-, and 3-back tasks, respectively). The order of spatial, face, and letter n-back tasks were counterbalanced when given to the patients and to the controls. All subjects were given a training block of the tasks for each of 3 levels of n-back using a material (different colored shapes) not subsequently used in the testing procedure. The total duration of 1 session was about 70 min. Temporal organization of a run of the n-back tasks performed by subjects in the fMRI study.
Tasks were designed and controlled in a pilot study involving 23 healthy controls (detailed in du Boisgueheneuc et al. 2006) , in order to match performances between different domain stimuli (i.e., there was no statistically significant difference between spatial, face, and letter tasks at each step of the n-back).
The Domain n-Back Tasks Adapted for the fMRI Study Subjects performed a variant of the domain n-back tasks using letters and spatial items as memoranda (Fig. 1b) . The domain n-back tasks were in most aspects similar to the tasks performed by the patients in the lesion study. Only a few changes were made in order to fit with the fMRI session: 1) a control task was added in order to perform comparisons with a condition that was similar in sensorimotor parameters but that did not include WM processing. The control task, called ''0-back'' consisted of detecting a prespecified item (i.e., letter ''X'' for the letter n-back task) when it appeared on the screen; 2) because of time constraints related to an fMRI session, it was necessary to shorten the paradigm. The face n-back tasks were not performed, given the fact that spatial and verbal domains were the most contrasted domains and should be kept for the fMRI study; therefore, it was possible to build a factorial design crossing 4 levels of complexity (0-, 1-, 2-, and 3-back) and 2 domains (letter and spatial), yielding a total of 8 conditions (90 stimuli were presented per condition); 3) At difference with the lesion study, where trials were blocked by levels of complexity, in the fMRI study, each of the 8 conditions was presented pseudorandomly during a block. Spatial and verbal n-back tasks were pooled in separate runs, and alternated. Half of the subjects began with a verbal run and the other with a spatial one. Each condition was performed 6 times across the fMRI session. The total duration of a session was approximately 45 min and included 6 trials of each of the 8 conditions. Each trial lasted 50 s and consisted of a series of 15 stimuli preceded by a 3.5-s presentation of task instructions, and a 1.5-s pause. Stimuli were presented for 2 s followed by a 1-s cross-fixation interstimulus interval. For each stimulus, the subject had 3 s to provide a response by clicking on a right (''same'') or a left (''different'') button. Trials were separated by a 7.5-s intertrial interval, providing a rest period.
Subjects

Lesion Study
Patients were recruited from the Neurosurgery and the Neurovascular Departments of La Pitie´-Salpeˆtrie`re Hospital (Paris, France) (see Table 1 , giving patient details, and Fig. 2 for structural imaging). Patients included in the study were selected on the basis of the following inclusion criteria: 1) the presence of a single frontal focal lesion, excluding lesions extending to other lobes and confirmed by an anatomical T 1 -weighted 3D MRI; 2) the frontal lesion was acquired in adulthood and was not due to an evolving disease (i.e., only patients with a sequellae from an hemorrhage or an ischemic stoke and those with a removal of a low-grade glioma leaving clear margins on postoperative MRI scans were included); 3) participants were tested at distance ( > 1 month) from the onset of the episode responsible for the observable frontal lesion; 4) participants were able to understand and perform the cognitive tasks; 5) the absence of a prior history of neurological or psychiatric disease. It is important to note that every patient who matched the above criteria was included, regardless of the location of the lesion within the frontal lobes and the pattern of the cognitive deficit. At the time of the inclusion, none of the patients demonstrated sensorimotor or instrumental impairments that would interfere with the n-back tasks.
Statistical analyses for the voxel-by-voxel lesion mapping study required to obtain normative data for the domain n-back tasks from a group of healthy normal subjects matched for age and level of education ( Table 1) . As a consequence, a group of 48 control subjects was included. Subjects with a history of neurological or psychiatric disease were not included.
fMRI Study
Twelve right-handed healthy volunteers with no history of neurological or psychiatric disease were included in the study. In order to make comparisons between the regions showing activation in the fMRI study and the results of the lesion study, subjects included in the fMRI study were matched for age and level of education with the patients and normal controls included in the lesion study (Table 1) . Therefore, it is important to note that the subjects included in the fMRI study were older than the ones usually included in fMRI studies with normal control subjects. This adaptation of the protocol seemed essential to avoid biases in comparing the fMRI study to the lesion study (where patients and controls were older than in most of the previously published fMRI studies regarding the n-back tasks).
Data Acquisition and Analysis of Results
Lesion Study
The study was performed using a voxel-by-voxel lesion mapping method developed and validated in our laboratory (Anatomo-Clinical Overlapping Maps: AnaCOM; see Kinkingne´hun et al. 2007 for a full description of the method). The AnaCOM method allows for statistical analysis to indicate which voxels contribute the most to a given cognitive or behavioral deficit. Inversion-recovery 3-dimensional fast SPGR contiguous T 1 -weighted axial slices (thickness: 1.5 mm) were acquired using a 1.5-Tesla scanner. All MRI scans were obtained at the time of evaluation. The T 1 images were preprocessed in SPM99 (http:// www.fil.ion.ucl.ac.uk/; Wellcome Institute of Cognitive Neurology, London) by spatially normalizing them to the Montreal Neurological Institute (MNI) template. As spatial normalization can be affected by the presence of a brain lesion, each lesion (all signal abnormalities due to the lesion) was manually segmented (using MRIcro, http:// www.sph.sc.edu/comd/rorden/mricro.html) and was used as a mask during the normalization procedure to optimize the brain normalization. This masking procedure was used to weight the normalization to brain rather than nonbrain tissue or lesions (Brett et al. 2001) . The spatial normalized images were resliced with a final voxel size of 1.5 3 1.5 3 1.5 mm 3 . The normalized images were then compared with the MNI template to evaluate normalization accuracy. Brain lesions were manually segmented again, this time on the normalized anatomical MRI. For both vascular lesions and surgical removal, the manual segmentation only included damaged areas in which MRI signal abnormalities was close to the cerebrospinal fluid signal. This second segmentation, which was used for further statistical analyses, did not include other signal abnormalities at the margin of the infarct or the resection cavity, assuming that these abnormal tissues may remain at least partly functional. Five patients had a lesion occurring less than 6 months (but more than 1 month) before inclusion in the study. One should consider that, in these cases, the lesion may extend farther than the boundaries of the final lesion. However, it is important to note that our method of segmentation only took into account the necrotic part of the lesion, representing the portion of the lesion that would not diminish with time. Following these steps, each voxel of each lesion was weighted by the score of the patient in the task of interest (for instance, if a patient scored 28/45 in a given task, all the voxels included in his brain lesion were set at 28), whereas the rest of the image was set to zero, assuming that the brain lesion was responsible for the patient's deficit. Volumes representing each patient's lesion (n = 37) were then superimposed on a normalized brain, to built the ''Maximum Overlap Map.'' This map gave, for each voxel the number of lesions that covers this voxel. In these maps, the overlaps of the segmented lesions defined clusters (group of contiguous voxels covered by the same lesions, and thus with the same value). Statistical analyses were performed in the clusters that were composed of at least 3 lesions (Kinkingne´hun et al. 2007 ). For these clusters, a Student t-test corrected for multiple comparisons (Bonferroni correction) was performed between the mean performances obtained for each voxel of the cluster and those of the control subjects. Only regions where significance was still present after Bonferroni corrections were considered. It was then possible to obtain statistical maps for each nback task. In other words, each statistical map represented brain regions where the patients' performance statistically differed from that of the control subjects for a given task. These statistical maps thus indicated the clusters of voxels within the areas covered by at least 3 overlaps that contributed the most to a given impairment in the n-back tasks.
Regions within the prefrontal cortex (PFC) where there were at least 3 overlaps covered the anterior half of the precentral gyrus (Brodman's area [BA] 6) including the rolandic operculum, most of the left lateral PFC (BA 8, 9, 44, 45, 46 , and part of 47 and lateral 10), the inferior, middle, and superior orbital gyri, the anterior insula and subcortical white matter adjacent to the above cortices (Figs 2 and 3f) . By contrast, the most ventral and medial PFC and a portion of the lateral frontal pole, as well as the right dorsolateral PFC, were poorly covered. Consequently, conclusions are drawn from the analysis of the left lateral frontal cortex. For these areas, statistical maps were generated for each n-back task (n = 9) and for each level of complexity (n = 3) by pooling tasks from the same level of complexity (1-, 2-, and 3-back tasks). These maps identified regions where performances differed significantly from the controls.
Functional MRI Visual stimuli were generated by a PC and projected using an active matrix video projector connected to the computer located in the control room and presented on a screen positioned at the foot end of the MRI scanner bore. Subjects viewed the screen through a mirror mounted on the head coil. Subjects' head motion was restricted by using a foam-rubber holder. Subjects responded using 2 buttons designed for fMRI experiments, connected to the computer and placed in their right and left hand. Imaging was carried out on a 1.5-T scanner (GE Medical Systems, Milwaukee, WI) using gradient echo-planar imaging, sensitive to blood oxygen level--dependent contrast (repetition time: 2500 ms, echo time: 60 ms, flip angle: 90°, matrix: 64 3 64, field of view: 240 3 240 mm). Functional images consisted of 16 contiguous axial slices with an in-plane resolution of 3.75 3 3.75 mm and a 5-mm slice thickness that fully covered the frontal lobes. The lower part of the temporal and occipital lobes and the cerebellum were not imaged. For each subject, anatomical high-resolution T 1 -weighted images were acquired in the same session (inversion-recovery sequence, inversion time 400 ms, echo time 2 ms, matrix 256 3 256, field of view 240 3 240 mm 2 , slice thickness 1.5 mm). Subjects were required to perform 6 separate runs of 8 trials (Fig. 1b) . Each trial consisted of an instruction appearing for 5 s followed by 15 consecutive stimuli of the n-back tasks (45 s). This latter part (the n-back per se) was modeled as an epoch of interest. Other parts were modeled but not analyzed. For each run, 186 volumes of 16 slices were continuously acquired over a total duration of 7 min and 45 s. The first 3 images were discarded from further analysis to await a steady state of tissue magnetization.
All analyses were carried out with SPM'99 software (Wellcome Department of Cognitive Neurology; www.fil.ion.ucl.ac.uk/spm). For each subject, anatomical images were transformed stereotactically with 9 linear rigid transformations to the MNI system. Functional imaging data from each run were corrected for motion (6-parameters, rigid-body realignment), normalized to the MNI coordinates and then smoothed with a 5-mm full-width half-maximum (FWHM) Gaussian filter.
Individual (first level) and group (second level) analyses were performed. For both analyses, each voxel was processed using the general linear model. For all individuals, epoch of interest was modeled with a delayed hemodynamic response function (convolution of a standard hemodynamic response with a box-car function). Overall signal differences between runs were also modeled. A temporal cut-off of 230 s (i.e., twice the duration of the interval between 2 similar trials) was applied to filter subject-specific low-frequency drift, mostly related to biological rhythms and to magnetic field drift. Motion effects during scanning were modelled by inclusion of the realignment parameters into the model. To test the hypothesis about regionally specific condition effects, the model estimates associated with the n-back phases were compared using linear contrasts. The resulting set of voxel values for each contrast was used to build SPM {t} maps. The threshold for individual activation was set to P < 0.001 uncorrected.
Individual contrast images of interest were smoothed with a 8-mm FWHM Gaussian kernel and used as dependent variables for the random effect group analysis (1-sample t-test). The threshold for significance was set to P < 0.05, corrected for multiple comparisons, taking into account the spatial extent of activation based on a cluster-size criterion (i.e., 50 contiguous voxels). Statistical maps were also analyzed at an uncorrected threshold of P < 0.001.
The main effect of the n-back was obtained by subtracting the 0-back (i.e., the control task) from the 1-, 2-, and 3-back conditions. A linear and parametric contrast of the estimates was built to isolate brain areas that increasingly vary with complexity (complexity effect). Effects of spatial and verbal domains were assessed by contrasting the letter to the spatial n-back tasks and vice versa.
To analyze the congruency between the fMRI and the lesion studies, we compared the location of specific regions obtained by each method and evidenced by statistical maps. All statistical maps generated by AnaCOM and those generated by fMRI analysis were coregistered together allowing comparison within the same normalized MNI space. Maps were superimposed on a normalized brain using Anatomist software (http:/brainvisa.info/index.html) to compare the location of the involved regions. More specifically: 1) the AnaCOM maps showing regions where performance significantly differed from the controls as a function of the complexity were compared with the fMRI maps showing regions activated as a function of the complexity. This comparison was aimed at determining the PFC subregions that were complexity-dependent, regardless of the domain of the information being processed; 2) AnaCOM maps showing regions where performance significantly differed from the controls for the verbal n-back tasks (1-, 2-, and 3-back maps) were compared with the fMRI maps contrasting the verbal to the spatial n-back tasks for each level of the n-back, at both the group and the individual levels. These comparisons were aimed at determining whether one or several PFC subregions were oriented toward verbal WM at one or several levels of complexity; 3) AnaCOM maps showing regions where performance significantly differed from the controls for the spatial n-back tasks (1-, 2-, and 3-back maps) were compared with the fMRI maps contrasting the spatial to the verbal n-back tasks for each level of the n-back (for instance, verbal 3-back vs. spatial 3-back), at both the group and the individual levels. These comparisons were aimed at determining whether one or several PFC subregions were oriented toward spatial WM at one or several levels of complexity.
Results
Lesion Study: Voxel-by-Voxel Lesion Mapping (AnaCOM) The mean performance in each task of all the patients taken as a single group is provided in Table 2 . It should be noted that comparisons between controls and patients (analyses of variance [ANOVAs]) showed a ''group effect'' (F 1,83 = 19.31; P = 0.000033; mean performance for n-back tasks of the patient group being inferior to that of the control group), an interaction ''group 3 complexity'' (F 2,166 = 7.81; P = 0.000573; performance being lower in the group of patients as a function of the increase of the n in the n-back tasks). No interaction was observed for the ''group 3 domain'' (F 2,166 < 1; not significant [NS] ) and for the ''group 3 modality 3 complexity'' (F 4,332 < 1; NS). More importantly, no statistical correlation was found between performance in each of the n-back tasks and 1) the delay between the onset of the stroke or the surgical procedure and the experimental study, and 2) the volume of the lesions. After corrections for multiple statistical comparisons, Ana-COM maps of the 1-and 2-back tasks (for each domain tested) revealed no voxel within the covered PFC regions that showed a statistical difference when compared with the performance of the control subjects. By contrast, AnaCOM maps showed several clusters of voxels significantly associated with a deficit in the 3-back tasks ( Fig. 3; Table 3 ). In particular, we found within the left LPFC 1) regions commonly involved for all domains, and 2) topographical dissociations according to domain.
Indeed when pooling the spatial, verbal, and face 3-back tasks together ( Fig. 3a; Table 3 ), 2 clusters in the posterior part of the middle frontal gyrus were statistically significant (P < 6.12 3 10 -5 ): 1 cluster was located in BA 46 and the other in BA 9 and 8. A third cluster was located along the inferior third of the precentral sulcus (from the operculum to the junction between the precentral sulcus and the inferior frontal sulcus).
Areas specifically associated with a deficit in the verbal 3-back task (P < 6.56 3 10 -5
; Fig. 3b ; Table 3 ) were a subregion of the posterior part of the left inferior frontal gyrus (pars triangularis; area 45) and a portion of the middle frontal gyrus (BA 46).
For the spatial 3-back task, areas specifically associated with a deficit (P < 6.47 3 10 -5
; Fig. 3c ; Table 3 ) were observed within the posterior part of the left superior frontal sulcus and adjacent superior frontal gyrus (BA 8), extending to the surrounding white matter, the posterior part of the middle frontal gyrus (BA 46 and 9), the left cingulate gyrus (BA 32), the medial superior frontal gyrus and adjacent supplementary motor area (BA 8 and 6) and an area in the left white matter (located between the corona radiata and callosal fibers, above the body and head of the left caudate nucleus).
For the face 3-back task, only a small cluster in the inferior third of the precentral sulcus reached statistical significance (P < 8.04 3 10 -5
), in an area that overlapped with the other 3-back maps ( Fig. 3d; Table 3 ).
In sum, the voxel-by-voxel lesion study showed that 1) a portion of the middle frontal gyrus (BA 46 and BA 9/8) and an area located in the inferior third of the precentral sulcus contributed to the deficit observed in the 3-back tasks, irrespective of the domain tested; 2) a left posterior portion of the inferior frontal gyrus (BA 44/45) contributed to the verbal 3-back deficit; 3) a posterior portion of the superior frontal gyrus and sulcus (BA 6/8/9) contributed to the deficit in the spatial 3-back task.
fMRI Study
Behavioral performances are provided in Table 2 . ANOVAs performed in healthy fMRI subjects showed no effect of the domain (F 1,11 = 4.25; NS), but a significant complexity effect (F 3,33 = 55.21; P < 0.001), (i.e., performance decreased as the complexity increased).
The comparison between the performance of healthy subjects included in the fMRI study and that of the control subjects included in AnaCOM study showed no group effect (F 1,58 = 0.24; NS), no interaction group 3 domain (F 1,58 = 0.75; NS) but an interaction group 3 complexity (F 2,116 = 8.52; P < 0.001; performances in 3-back tasks were lower in the AnaCOM control group than in the fMRI healthy group).
When all the n-back tasks were pooled and compared with the control task (the ''0-back''), activation was observed bilaterally in parietal, medial, and lateral premotor, and lateral prefrontal regions (Fig. 4a) .
Regions where the hemodynamic signal varied parametrically with the increase in complexity of the n-back tasks (''complexity effect''), for both domains of information, included the left and right inferior and superior parietal lobules and the intraparietal sulcus (BA 7 and 40), the left and right lateral premotor cortex (BA 6), supplementary motor area (BA 6/8), the left and right posterior portions of the middle frontal gyrus (BA 46 and 9/46), and the right frontal pole (BA 10) ( Fig. 4b; Table 4) .
When all the verbal n-back tasks (1-, 2-, and 3-back) were compared with all the spatial n-back tasks, activation was found in a large area within the left inferior frontal gyrus that Table 2 Performances in the n-back tasks for the 3 groups of subjects
Tasks
All n-back tasks Verbal tasks Spatial tasks Face tasks 1-back 2-back 3-back 1-back 2-back 3-back 1-back 2-back 3-back 1-back 2-back 3-back fMRI Subjects (n 5 12) 98.1 ± 2.4 89.8 ± 6.6 81.9 ± 6.8 98.0 ± 2.2 88.2 ± 7.5 80.0 ± 6.6 98.2 ± 2.7 91.5 ± 5.4 83.9 ± 6.8 ---AnaCOM Patients (n 5 37) 97.1 ± 3.6 85.4 ± 14.0 65.4 ± 15.5 97.5 ± 3.1 83.8 ± 15.7 66.8 ± 15.9 97.7 ± 2.8 87.7 ± 13.0 63.8 ± 17.1 96.0 ± 4.5 84.6 ± 12.4 65.6 ± 12.7 Controls (n 5 48) 98.9 ± 2.0 92.5 ± 7.6 75.2 ± 12.0 98.8 ± 2.3 91.8 ± 7.8 76.0 ± 10.7 99.4 ± 1.3 95.0 ± 6.4 74.4 ± 13.9 99.4 ± 2.2 90.7 ± 8.0 75.0 ± 11.3 Note: For each task, performances are expressed in percentage of correct responses (mean ± standard deviation). http://cercor.oxfordjournals.org/ extended to the adjacent inferior precentral gyrus (BA 6, 44, and 45) . This area was also found activated when the verbal 3-back task was compared with the spatial 3-back task ( Fig. 4c ; Table 4 ). Activation was also observed in the right posterior insula, the right posterior superior temporal gyrus and the left posterior cingulate region. The reverse contrast (all spatial vs. all verbal) evidenced bilateral activation in the superior parietal lobules, the intraparietal sulcus and the precuneus. In addition, the comparison of the spatial to the verbal 3-back tasks evidenced a bilateral activation of the posterior half of the superior frontal sulcus (BA 8; Fig. 4d ; Table 4 ). In sum, activation in the LPFC increased in intensity and size along with the increase in complexity in areas usually ascribed to WM. Within the LPFC, an area located in the middle frontal gyrus was found sensitive to the complexity of the task, irrespective of the domain tested, whereas a relative dissociation was observed in other subregions according to the domain of the information being processed: the verbal 3-back task specifically activated the left inferior frontal gyrus and the spatial 3-back task specifically activated the superior frontal sulcus.
Comparison of the Voxel-by-Voxel Lesion and fMRI Maps for the 3-Back Tasks Both methods showed regions in the LPFC involved in the nback tasks in a complexity-dependent manner (Figs 5 and 6 ). Among these regions, some were common to verbal and spatial domains and others were domain-specific.
AnaCOM study showed that a lesion in the left posterior middle frontal gyrus (BA 8/9/46) was associated with an impairment of both verbal and spatial 3-back tasks. When compared with the fMRI study, this AnaCOM region overlapped with the activated area (BA 46) associated with the complexity effect, irrespective of the domain tested. Data from both AnaCOM and fMRI thus indicate that the left and posterior middle frontal gyrus is a complexity-dependent area, regardless of the domain being tested (Fig. 6) .
AnaCOM study showed that a lesion in the left posterior inferior frontal gyrus (BA 44/45) was associated with an impairment of the verbal 3-back task. When compared with the fMRI study, this AnaCOM region overlapped with the activated area (BA 44/45) observed when the verbal 3-back task was contrasted to the spatial 3-back tasks (Figs 4c and 5) . Moreover, Figure 5 shows that for 9 of the 12 subjects, the individual maxima of activation for this contrast overlapped or are located at a very close distance to the AnaCOM region. These converging data from both AnaCOM and fMRI thus indicate that the left and posterior inferior frontal gyrus is preferentially oriented toward verbal WM, in a complexity-dependent manner (Fig. 6 ).
AnaCOM study showed that a lesion in the left posterior superior frontal gyrus (BA 6/8/9) was associated with an impairment of the spatial 3-back task. The maxima of activation in the fMRI study, when the spatial 3-back task was contrasted to the verbal 3-back task, was also located in the posterior superior frontal gyrus, caudal to the AnaCOM region (MNI coordinates: -33, 0, 54, for the maxima of activation in the fMRI study; -22, 12, 42 for the AnaCOM region) (Figs 4d and 5) . It is important to note that, in the fMRI study, 11 out of the 12 subjects showed a maxima of activation that overlapped or are located at a very close distance to the AnaCOM region (Fig. 5) . Altogether, the combination of the AnaCOM and fMRI data suggests that the left posterior superior frontal gyrus (BA 6/8/9) is preferentially oriented toward spatial WM, in a complexity-dependent manner (Fig. 6) .
Discussion
The present study argue for a hybrid model of organization in which the posterior half of the left LPFC is only critical for the higher levels of processing in WM, and where domain-oriented and cross-(or supra-) domain subregions coexist. Our data fit well with recent data and theories of LPFC organization, considering that domain-oriented and domain-general regions coexist (Curtis and D'Esposito 2003; Passingham 2003, 2006; Courtney 2004; Mohr et al. 2006; Postle 2006b; Sala and Courtney 2007) . Moreover, our study reinforces and clarifies this view by the use of a voxelwise lesion-behavior correlation, and its convergence with fMRI activation.
The Posterior LPFC and Executive Processing
The fMRI study demonstrates a parametric effect of complexity (i.e., the higher the complexity, the more activated is the WM network) in the intraparietal sulci, the lateral premotor cortex and the LPFC, as previously reported in younger adult subjects Owen et al. 2005) . Accordingly, the comparison of frontal patients and control subjects showed a ''group 3 complexity'' interaction. Moreover, the data obtained in AnaCOM showed that LPFC lesions only induce a significant decrease in performance in the 3-back tasks, not observed in the 1-and 2-back tasks. These results suggest that the posterior LPFC, although contributing to all aspects of WM processing (as shown by fMRI), is a critical region only for WM operations requiring a high demand in executive processing. This interpretation is supported by lesion (D'Esposito and Postle 1999; Muller et al. 2002; du Boisgueheneuc et al. 2006) and functional imaging Manoach et al. 1997; Pochon et al. 2001; Volle et al. 2005) studies showing that the LPFC is necessary for tasks involving a high demand on executive processing but not for tasks that only require the simple maintenance of items in short-term memory. The 3-back tasks involve several executive processes such as building the temporal ordering of mental representations and updating them, linking and compressing items in memory, inhibiting distractors, selecting and organizing the forthcoming responses. . . All these processes have been linked to the LPFC and particularly to the mid-dorsolateral PFC-BA (9/46) (Owen et al. 1998; Rowe et al. 2000; Pochon et al. 2001; Sakai et al. 2002; Volle et al. 2005; Postle 2006a ). Although our study was not designed to specifically determine which of these mechanisms was particularly related to the functions of the LPFC, the fact that a deficit was only observed for the 3-back tasks suggests that the left posterior LPFC is critical for one or several of the executive processes that are necessary to permanently rehearse and update 3 items or more in WM. In sum, the left posterior LPFC is recruited specifically when processing demand increases, a condition represented in the present study by the 3-back tasks.
The Functional Heterogeneity of the Left Posterior LPFC Converging data from fMRI and AnaCOM show that the subregion contributing the most to the spatial 3-back deficit is located in the left posterior portion of the superior frontal sulcus and gyrus, encompassing most of BA 8 and the caudal portion of BA 9. From an anatomical and functional point of view, this spatial subregion is rostral to the frontal eye field (FEF) (Paus 1996; Lobel et al. 2001) . The epicenter of activation in the fMRI study for the spatial 3-back task is located a few millimeters caudally to the cluster found in the lesion study and partially overlaps with the FEF. It is, however, unlikely that the foci (lesion or activation) found in our study involve an area whose main function is to control saccadic eye-movements. Indeed, if this was the case, one would also expect the deficit to occur in the spatial 1-back and 2-back tasks that require to control or trigger eye-movements at the same level as in the 3-back task. On the contrary, the deficit suggests that the incriminated area is involved in cognitive rather than in motor control. In support of this interpretation, several studies have shown that an area in the posterior superior frontal gyrus, at coordinates that overlap with the loci found in our study, is specialized in spatial cognitive processing including the shift of spatial attention and spatial WM (Courtney et al. 1998; Haxby et al. 2000; Husain and Rorden 2003; Awh et al. 2006) , particularly when the load and complexity increase, as in 3-back tasks (Carlson et al. 1998; Cohen et al. 1997; Nystrom et al. 2000) . Furthermore, patients whose PFC lesion spares the posterior and lateral superior frontal gyrus performed normally in spatial WM tasks (D'Esposito and Postle 1999). Interestingly, this area is more activated in the spatial than in the shape n-back tasks (Nystrom et al. 2000) . In addition, evidence from fiber tracking techniques indicates that the discussed area is part of a parietal--frontal network involved in spatial WM (Olesen et al. 2003; Klingberg 2006) . The AnaCOM results also showed an extension to the white matter of the foci associated with impairments in the 3-back tasks, suggesting that the subcortical extensions contribute to the impairment by disconnecting several functional subregions involved in spatial WM. The anatomical connectivity in humans between the evidenced subcortical and cortical regions needs further explorations (Schmahmann et al. 2007 ). Altogether, our study and others argue for the existence of a cognitive spatial area located in the posterior portion of the superior frontal gyrus (mostly in BA 8) involved in spatial WM when the executive demand surpasses a certain threshold, such as in the spatial 3-back task.
Converging results from the fMRI and AnaCOM also evidence that the posterior segment of the left inferior frontal gyrus is oriented toward verbal WM. This area is involved in verbal WM, and particularly in the rehearsal component of the phonological loop (Paulesu et al. 1993; Awh et al. 1995) . As rehearsal processing is also present in the 1-and 2-back tasks, an alternative and likely explanation for the deficit only occurring in the 3-back task is that, again, this region is sensitive to the increase in executive demand, as previously suggested Cohen et al. 1997) . As a whole, these data suggest that the posterior portion of the left inferior frontal gyrus is oriented toward verbal WM when executive demand surpasses a certain threshold of executive control. This involvement in verbal WM shares similarities with that of the posterior superior frontal gyrus for spatial WM, suggesting that both regions may perform similar WM processing but for different domains.
In AnaCOM, no cluster was found to be specifically faceoriented. This may be due to a lesser degree of specialization of the left inferior PFC or to a right frontal dominance for face processing in humans not evidenced because of the few overlaps in the right hemisphere in the present study.
Another LPFC region, located in the middle frontal gyrus (in the posterior ''mid-dorsolateral'' PFC-rostral BA 8, posterior BA 9/46) is found by the 2 methods to contribute to the 3-back tasks. In the fMRI study, this region is activated by the 2 domains tested (verbal and spatial), and in AnaCOM, this region contributes to the deficit observed in the spatial, letter and face 3-back tasks. This set of data argues for a supra-or crossdomain involvement of this area for cognitive processing. This finding is in line with functional studies in humans failing to demonstrate a domain-specific segregation within the middorsolateral PFC, but rather suggesting an organization according to processing distinctions (Owen et al. 1998; Petrides 2005) or a holistic organization in which the dorsolateral PFC plays a global and flexible role in executive control, regardless of any distinctions in terms of processing or domain (Duncan and Owen 2000; Miller and Cohen 2001; Muller and Knight 2006) . In addition, a subregion located along the inferior portion of the precentral sulcus was also found to be involved in the 3-back tasks, irrespective of the domain being processed. This subregion encompassed an area (the so-called ''inferior frontal junction'') that has recently been found activated in a series of tasks requiring executive control but not specific of 1 given process or domain (Derrfuss et al. 2005) .
In sum, these data show that the involvement of the left posterior LPFC in tasks involving a high level of executive processing is topographically heterogeneous: some subregions are preferentially oriented toward 1 domain of information, whereas others are sensitive to all domains tested, suggesting for the latter subregions a cross-or supradomain involvement in executive control. These convergent lesion and fMRI data, in line with other recent studies (Curtis and D'Esposito 2003; Passingham 2003, 2006; Courtney 2004; Mohr et al. 2006; Postle 2006b; Sala and Courtney 2007) , lead to describe a hybrid model of posterior LPFC organization, combining domaindependent, domain-independent and complexity-dependent subregions. Finally, these data are of importance to neurologists and neurosurgeons as they provide more precise information on the expected cognitive sequellae following left posterior LPFC lesions.
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